Abstract The neurotransmitter acetylcholine (ACh) can regulate neuronal excitability throughout the nervous system by acting on both the cys-loop ligand-gated nicotinic ACh receptor channels (nAChRs) and the G protein-coupled muscarinic ACh receptors (mAChRs). The hippocampus is an important area in the brain for learning and memory, where both nAChRs and mAChRs are expressed. The primary cholinergic input to the hippocampus arises from the medial septum and diagonal band of Broca, the activation of which can activate both nAChRs and mAChRs in the hippocampus and regulate synaptic communication and induce oscillations that are thought to be important for cognitive function. Dysfunction in the hippocampal cholinergic system has been linked with cognitive deficits and a variety of neurological disorders and diseases, including Alzheimer's disease and schizophrenia. My lab has focused on the role of the nAChRs in regulating hippocampal function, from understanding the expression and functional properties of the various subtypes of nAChRs, and what role these receptors may be playing in regulating synaptic plasticity. Here, I will briefly review this work, and where we are going in our attempts to further understand the role of these receptors in learning and memory, as well as in disease and neuroprotection.
The hippocampus is critical for learning and memory [13, 14, 30, 63] and is an important site for cognitive dysfunction in a variety of neurodegenerative diseases including Alzheimer's disease (AD) [62] . The hippocampal formation is divided into four main subregions: the dentate gyrus, the hippocampal proper (including CA1, CA2, and CA3 regions), the subicular complex, and the entorhinal cortex (EC, including layers I-VI). The main cholinergic input to the hippocampus is from the medial septum and diagonal band of Broca (MSDB) [40, 41] , which innervates both principal glutamatergic cells and inhibitory GABAergic interneurons. In addition, the stimulation of the cholinergic inputs to the hippocampus activates muscarinic acetylcholine receptors (mAChRs) on astrocytes in the CA1 stratum oriens layer [3] . Besides the cholinergic input from the MSDB, there is also a significant GABAergic input, and the activation of the cholinergic and GABAergic inputs from the MSDB is known to initiate and sustain network oscillations (e.g., hippocampal theta rhythm) in vivo and in vitro [5, 19, 24, 41, 75, 76, 102] . Additionally, inputs to the hippocampus from the EC are thought to regulate hippocampal theta rhythm [5, 19] .
Cholinergic receptors in the hippocampus-focus on nicotinic acetylcholine receptor channels
The activation of acetylcholine (ACh) release will exert its effect on a variety of different cys-loop ligand-gated nicotinic ACh receptor channels (nAChRs) and G proteincoupled mAChRs that are expressed on both neurons and nonneuronal cells. The nAChRs are permeable to cations, the activation of which depolarizes the cell and may induce electrical firing. Some nAChRs are also permeable to calcium ions [21] , and this increase in cytoplasmic calcium levels can affect neurotransmitter release, signal transduction cascades, plasticity, cell survival, apoptosis, and gene transcription [8, 23, 61, 107, 108, 111] .
A variety of different subtypes of G protein-coupled mAChRs have been shown to be expressed and regulate a variety of ionic conductances (both depolarizing and hyperpolarizing responses) and signal transduction cascades in hippocampal pyramidal cells, interneurons, and astrocytes [3, 24, 75, 76, 94, 131] . Presently, it is unclear how the activation of both mAChRs and nAChRs, working in concert, can modulate the oscillatory properties of neurons within the hippocampus. Understanding how cholinergic receptor signaling regulates hippocampal network activity is critical since dysregulation of normal oscillations may induce seizures [11, 27, 123] , and cognitive deficits linked with AD [39] .
Structure-function aspects of nAChRs and related cys-loop receptor proteins
The focus of my lab has been on understanding the properties of nAChRs in the rodent hippocampus, the activation of which is thought to be involved in regulating excitability, plasticity, and cognitive function [59, 67, 78, 100] . Thus far, at least nine different nAChR subunits are known to be expressed in rodent brain, resulting in multiple functional subtypes of nAChRs. In the hippocampus, the most prevalent subtypes of functional nAChRs that are expressed are comprised of the a7 and a4β2 subtypes [1, 2, 68, 71, 103, 116, 127] . The neuronal nAChRs are known to be differentially permeable to calcium [9, 21, 43, 105] . For example, activation of the a7-containing (but not the non-a7) nAChRs will elicit local changes in cytoplasmic calcium levels in interneurons [35, 36, 70] and astrocytes [107, 110, 126] , and it is this calcium influx that is thought to underlie the role of a7 nAChRs in synaptic plasticity and memory processes. However, this influx of calcium can also have deleterious consequences by inducing neurotoxicity [44, 85, 96] .
The nAChRs are in the superfamily of cys-loop receptors (Fig. 1) , which also includes the acetylcholine-binding proteins (AChBPs), a soluble protein from mollusks and the marine annelid Capitella teleta [17, 91] that is analogous to the extracellular ligand-binding domain of the cys-loop receptors. The binding of ACh to the extracellular interface between two nAChR subunits induces channel opening [51] (Fig. 1) . While the precise steps between ligand binding and channel gating are presently unknown, the Auerbach Lab has provided some of the most complete data and models on the stepwise interactions that may be occurring from ligand binding to channel gating in the adult-type mouse muscle nAChR. As recently reported [64] , they are proposing a mechanism similar to that of glutamate ligand-gated ion channels whereby after the diffusion of agonist to the binding site (docking), the binding states undergo two conformational changes (catch and hold). The first conformational The extracellular ligand-binding domain is shown up close on the right. The ligand-binding site is composed of a cluster of aromatic residues from both the principal and complementary subunits and is capped by the C-loop. The transition domain consists of several loops as shown changes were estimated, using Φ value analysis [4] , to be residues near the binding loops (A-D), including the capping of loop C. In addition, there are conformational changes near the C terminus of the M2 helix; it is uncertain if the changes in these two regions are coupled or are independent. Finally, there is an anticlockwise twist of the extracellular domain β sandwich, a downward motion of loop 2, an upward movement of the M2-M3 linker, and a tilting of the pore-lining M2 helix, which may result in channel gating.
Some structural information has been obtained from the 4-Å resolution electron microscopic images of the Torpedo nAChR [125] , higher resolution X-ray crystal structures of the AChBPs [12, 17, 22] , and the extracellular domain of the a7 nAChR that has recently been crystallized [80] . Although the AChBPs do not contain an ion channel pore or intracellular domains, they bind nAChR ligands, and these crystal structures may help in elucidating the tertiary structure of the extracellular ligand-binding domain of nAChRs and the transitions that may occur in response to ligand binding. In addition, when AChBP was attached to the pore domain of the serotonin 5-HT 3A R, ACh can activate the opening of this hybrid channel [15] , further suggesting that AChBPs may be a good model system for studying nAChR gating.
The rat a7 nAChR can undergo rapid onset of desensitization, the process whereby the channel closes even in the continued presence of an agonist [53] . Although the mechanism of desensitization is not completely understood, it might be important in controlling cholinergic signaling and perhaps in certain nAChR-related diseases [34] . Furthermore, therapeutic drugs that potentiate a7 receptors through the removal of desensitization (e.g., through the use of type II a7-positive allosteric modulators such as PNU-120596) [10] are currently being developed to treat Alzheimer's disease and other neurological disorders [66, 96, 119, 133] , highlighting the importance in understanding better the function of the a7 nAChRs.
Previously, we found that the tryptophan residue at position 55 of the rat a7 nAChR (W55) was the site where synthetic peptides derived from apolipoprotein E noncompetitively inhibited a7 receptors through hydrophobic interactions [49] . Furthermore, when W55 was mutated to alanine, the receptor desensitized more slowly [50] (Fig. 2) . We probed the accessibility of W55 by mutating it to cysteine and tested the ability of various sulfhydryl reagents to react with this cysteine. Modification with several positively charged sulfhydryl reagents, including 2-(trimethylammonium)ethyl methanethiosulfonate (MTSET+), produced a7 nAChRs that were unresponsive to ACh, whereas a neutral sulfhydryl reagent, methyl methanethiolsulfonate (MMTS), enhanced ACh-induced responses by nearly 60 %. These data suggested that W55 plays an important role in desensitization and suggested that W55 may be a potential target for modulatory agents operating via hydrophobic interactions.
However, these data left unresolved the question of how modification of W55 of the a7 nAChR with either MTSET+ or MMTS had two clearly distinct functional effects. To test this, we analyzed X-ray crystal structures of AChBP of the homologous Y53C mutant modified either with MTSET+ alone or MMTS in the presence of ACh [16] . Crystal structures of AChBP showed that MTSET+ modification stabilized loop C in an extended conformation that resembled the antagonist-bound state, which paralleled our observation that MTSET+ modification produced unresponsive W55C a7 nAChRs [50] . In contrast, the MMTS-modified mutant in complex with ACh was characterized by a contracted loop C, similar to other agonist-bound complexes. Surprisingly, we found that two ACh molecules were bound in the ligandbinding site, which might explain the potentiating effect of MMTS modification on W55C nAChRs. These results demonstrated that residue W55 of the a7 nAChR may be a critical regulatory site for channel gating and interactions with ligands of potential therapeutic benefit. In addition, our data show that there was a good correlation between structure and function of the nAChRs and AChBP and further suggest that crystal structures of the AChBP may yield valuable structural information into how ligand binding leads to channel opening and desensitization of the nAChRs. The rat a7 nAChR has a proline residue near the middle of the β9 strand at position 180 (P180, Fig. 2b ). The replacement of this proline residue by either threonine (a7-P180T) or serine (a7-P180S) also slowed the rate of onset of desensitization dramatically, similar to that of the W55A mutation [90] . We investigated the importance of the hydroxyl group on the position 180 side chains. While the hydroxyl group may contribute to the slow desensitization rates, our data suggested that increased backbone to backbone H bonding expected in the absence of proline at position 180 would likely exert a greater effect on desensitization. Molecular dynamics simulations were used to provide insight into likely H-bond interactions within the outer β-sheet that occur when the P180 residue is mutated. Our results indicate that rapid desensitization of the wild-type rat a7 nAChR is facilitated by the presence of the proline residue within the β9 strand.
Tobacco use remains the leading cause of preventable death in the USA, and the desire to use tobacco is thought to be due in part to the reinforcing actions of nicotine on the a4β2 nAChR subtype; therefore, ligands targeting this receptor (e.g., varenicline) may be useful for smoking cessation [12, 25] . To understand better how ligands bind into the pocket of the nAChRs, we crystallized AChBP in complex with varenicline [12] and found contact residues that are likely responsible for mediating its molecular actions. Electrophysiological studies confirmed these key molecular interactions, and this information should certainly help in the continual development of therapeutic drugs for smoking cessation with improved efficacy and reduced side effects.
Involvement of nAChRs in synaptic plasticity and oscillations
The nAChRs and mAChRs have both previously been associated with different forms of synaptic plasticity [24, 46, 65, 89, 92] . For the a7 nAChR, the activation of these receptors with exogenous ligands in the CA1 and dentate gyrus regions enhanced synaptic plasticity [45, 87, 129, 130] . Furthermore, activation of the a7 nAChRs on presynaptic terminals in the hippocampus can enhance the activation of long-term potentiation (LTP), which is thought to be a cellular form of learning and memory, and can block shortterm potentiation (STP) and LTP in the pyramidal cells [65] . The activation of either pre-or postsynaptic mAChRs can either enhance or inhibit LTP in the hippocampus [18, 24, 77, 97, 104] . However, whether the activation of the endogenous cholinergic inputs to the hippocampus induces synaptic plasticity remains to be determined. The vast majority of prior knowledge has been derived from the use of exogenously applied receptor agonists or blockers, where critical information about the timing and context of neurotransmitter action is usually lacking [28, 54, 113] . For example, small shifts in the timing of the same glutamatergic input could result in either LTP or long-term depression (LTD) in the case of spike-timing-dependent plasticity [135] . In addition, previous studies have also shown that the timing of exogenously applied ACh is important in modulating highfrequency stimulation-induced hippocampal synaptic plasticity [52, 65] , suggesting the potential capability of ACh to execute physiological functions with high temporal precision. Furthermore, the regulation of nAChRs in the hippocampus has also been linked to LTD [46, 52] .
We investigated how the activation of the endogenous cholinergic inputs from the septum to the hippocampus [57], either electrically or through an optogenetic approach, could regulate hippocampal synaptic plasticity. We found that activation of the cholinergic input to the hippocampus with single electrical or light pulses can directly induce different forms of hippocampal synaptic plasticity with a timing precision in the millisecond range. When the cholinergic input to the CA1 hippocampal region was activated 100 ms prior to activation of the Schaffer collateral (SC) pathway, this induced an a7 nAChR-dependent LTP; this was likely due to the prolongation of the NMDAR-mediated calcium transients in the CA1 pyramidal cell spines, and synaptic insertion of the GluR2-containing AMPARs into these spines. When the cholinergic input was activated only 10 ms (rather than 100 ms) prior to the SC pathway, this induced an a7 nAChR-dependent short-term depression (STD) that was likely mediated in part through the presynaptic inhibition of glutamate release. Both of these forms of plasticity were absent if either the a7 receptors were blocked or, in mice, the a7 receptor has been knocked out (a7-KO mice). If however the cholinergic input was activated 10 ms after the SC pathway, this induced a mAChR-dependent LTP. Therefore, altering the timing of activation of the septal cholinergic input to the hippocampus induced three different forms of plasticity that depended solely on the timing of the input relative to the stimulation of the SC pathway.
Genetically encoded calcium indicators (GECIs) have recently been developed that have provided the ability to directly monitor neuronal activities (by measuring changes in cytoplasmic calcium levels) at either the synapse or network level. Furthermore, differently colored GECIs have provided excellent tools to monitor presynaptic and postsynaptic components at the same time facilitating our understanding of the coordinated activities that mediate synaptic plasticity [120, 121, 136] . Synaptic plasticity is known to be best induced when both pre-and postsynaptic activities are coordinated, as in spike-timing-dependent plasticity [7, 33, 37, 86, 88, 135] . However, little is known about the physiological events that could mediate such coordination, and yet it is fundamental to our understanding of neuronal communication and synaptic plasticity. Cholinergic receptors, as with other modulatory neurotransmitter receptors, are localized to both pre-and postsynaptic sites and thus provide a potential mechanism to coordinate preand postsynaptic activities to induce synaptic plasticity.
We used a septo-hippocampal coculture system [38, 47, 48, 101] with GECIs to monitor the pre-and postsynaptic activities of hippocampal SC to CA1 synapses during the a7 nAChR-dependent LTP and STD protocols [56] . During the LTP, we observed a prolonged enhancement of the SCinduced calcium responses both post-and presynaptically, while during the STD, we observed a short-term depression of the calcium responses both pre-and postsynaptically. Next, we found that the presence of the a7 nAChRs to both pre-and postsynaptic sites appeared to be required to induce LTP; the presence of a7 nAChRs at either pre-or postsynaptic sites alone induced only short-term potentiation of presynaptic or postsynaptic activities, respectively. Furthermore, for STD, a7 nAChRs were also required both pre-and postsynaptically. In a7-KO mice, both the a7 receptordependent LTP and STD were absent. Dual-color calcium imaging revealed a differential time course and pattern of post-versus presynaptic modulation during both LTP and STD, suggesting the existence of independent postsynaptic modulatory mechanisms. We propose that a7 nAChRs appear to be able to coordinate pre-and postsynaptic activities to induce glutamatergic synaptic plasticity and thus provide a novel mechanism underlying physiological neuronal communication that could lead to timing-dependent synaptic plasticity [56] .
Although nicotine has been known to enhance cognitive function for decades, the mechanisms whereby cholinergic receptor activation can influence hippocampal neuronal networks are not understood. To gain more insights into which regions in the hippocampal complex are responsible for the initiation and spreading of information involving cholinergic receptors during smoking, we utilized voltage-sensitive dye imaging techniques in combination with electrophysiological recordings to investigate spatial-temporal aspects of cholinergic responses in the hippocampus [122] . The bath application of nicotine (to emulate systematic administration during smoking), at a concentration comparable to that achieved through smoking (i.e., as low as 100 nM), depolarized neurons in the deep EC cortical layers (layer VI) via activation of the a4β2 nAChR subtype. We found that subicular neurons also contained functional non-a7 nAChRs that were activated by the bath-applied nicotine. Interestingly, both of these nAChR-expressing ECVI and Sb groups of neurons were primarily glutamatergic. Furthermore, when we recorded from ECVI neurons directly and evoked glutamatergic EPSCs (eEPSCs) to the ECVI neurons by stimulating the Sb near the CA1 region, nicotine (100 nM) enhanced synaptic transmission by enhancing the amplitude of these eEPSCs. This low dose of bath-applied nicotine also enhanced synaptic plasticity in the ECVI neurons since it was able to convert STP (that was induced by tetanus stimulation of the Sb) to LTP, suggesting that this nicotine-induced plasticity could help in understanding the procognitive effects of nicotine. Therefore, neurons in deep layers of the EC not only contain diverse subtypes of functional nAChRs but these neurons may also be important regulators of hippocampal excitability and plasticity during smoking.
The cholinergic and GABAergic inputs from the MSDB are known to initiate and sustain network oscillations (e.g., hippocampal theta rhythm) in vivo and in vitro [5, 19, 24, 41, 75, 76, 102] . Additionally, inputs to the hippocampus from the EC are thought to regulate hippocampal theta rhythm [5, 19] . Presently, it is unclear precisely how the activation of both mAChRs and nAChRs, working in concert, can modulate the oscillatory properties of neurons within the hippocampus. Understanding how cholinergic receptor signaling regulates hippocampal network activity is critical since dysregulation of normal oscillations may induce seizures [11, 27, 123] and cognitive deficits linked with AD [39].
Role of nAChRs in development
The different subtypes of neuronal nAChRs are known to be developmentally expressed in the rat brain [134] and (particularly for the a7 subtype) are known to have important roles in the development of the hippocampal circuitry. For example, a7 receptor signaling is thought to promote the maturation and survival [20] of adult-born neurons, and the critical transformation of GABAergic currents from excitatory in early development to inhibitory later in development was shown to be due to the a7 receptor-dependent change in chloride transporter levels [82] . Recently, it was found that glutamatergic synapse formation in the hippocampus was promoted by the a7 nAChRs [83] . In mice where the a7 receptors were knocked out (a7-KO), or their expression level reduced by RNA interference, glutamatergic synapse numbers were adversely affected, whereas the activation of endogenous a7 receptors increases the number of functional glutamatergic synapses [83] .
Role of nAChRs in disease and neuroprotection
Cholinergic dysfunction has long been associated with the cognitive deficit in AD [6, 118] . Furthermore, deficits in cholinergic signaling, in particular in the hippocampus, produce an array of disorders in learning and memory and have been linked with a variety of neurological disorders and diseases, including Alzheimer's disease, schizophrenia, and epilepsy [29, 118] . It should be noted that while rodent models have been very useful in helping to understand the cholinergic system and that there is a high degree of sequence homology between human and rodent nAChRs, even small numbers of amino acid differences have been shown to alter functional properties of these receptors, and therefore caution must be taken [29, 115] A clear pathological feature of AD is the presence of amyloid plaques comprised of the β-amyloid peptide (Aβ or Aβ peptide), and recent studies have suggested that the soluble oligomeric rather than the fibrillar form of Aβ causes synaptic and cognitive dysfunction in AD [58, 60, 84, 93, 106] . While Aβ has been shown by several labs to affect nAChR function, conflicting reports of inhibition or upregulation of various nAChR subtypes have been reported [32, 42, 55, 74, 99, 132] . Interestingly, in cultured rat basal forebrain cholinergic neurons, the a7-containing receptors, which appeared to be heteromeric a7β2 receptors [71, 95] , were blocked by low concentrations of oligomeric Aβ [81] .
Since hippocampal a7 nAChRs have previously been shown to have a critical role in working and reference memory [78, 79] , and the cognitive deficits associated with AD may be related to dysfunction of the a7 nAChRs [31, 69, 72 , 98], we tested whether the a7 nAChR-dependent LTP and STD that we had recently reported [57] were sensitive to exposure to the soluble oligomeric form of Aβ peptide. We found that both the LTP and STD were both completely blocked in slices preexposed to a low dose of Aβ [57]. These results suggest a possible mechanism whereby Aβ could impair cholinergic-related synaptic plasticity and potentially cognitive functions.
Much evidence indicates that the a7 nAChR subtype is participating in various mechanisms of neuroprotection and inflammation [31, 98, 109] . For example, the nicotinemediated neuroprotection against either glutamate excitotoxicity or the Aβ peptide is thought to be acting through the a7 nAChR [26, 69, 73, 114, 117] . Furthermore, in the brain (and in particular the hippocampus), nicotine or ACh activation of the a7 nAChR blocked the release of proinflammatory cytokines [112, 124] , while in the periphery, ACh activation of the a7 nAChR inhibits cytokine synthesis [128] . Therefore, the a7 nAChR may be an essential regulator of inflammation and further highlights the therapeutic potential of a7 nAChR-selective ligands.
Conclusion
The cholinergic neurotransmitter system is involved in regulating synaptic excitability and plasticity and clearly has a role in a variety of physiological functions including learning and memory. Furthermore, deficits in cholinergic signaling are directly linked with a variety of different neurological disorders and diseases, including Alzheimer's disease and schizophrenia. It is critical that we learn more about the basic biology of the cholinergic system and the brain circuitry involved, and new and emerging tools such as optogenetics (along with more classical tools of electrophysiology and imaging) are providing us with an unprecedented ability to investigate these roles. These are very exciting times in the study of the brain and neuromodulator systems, and it is very likely that new breakthroughs that will help in the mitigation and treatment of disease are just around the corner. 
